Implant loosening in bone fixation is an unresolved complication associated with internal fixation. It is generally accepted that this problem can be overcome by modifying the implant/bone interface for improved osseointegration. This is achieved, in part, by hydroxyapatite (HA) or tricalcium phosphate coatings. Unfortunately, the benefits of these coatings are constrained by not only the generally low strength of their adhesion to the implant surface but also the limited cohesion within their layers. Anodic Plasmachemical treatment (APC) has been developed to incorporate electrolytes and produce coatings with various microtopographies and strong adhesion to implants. In this in vitro study fibroblast and osteoblast morphologies and adhesion to various substrates were evaluated using qualitative and quantitative methods. The substrates were Thermanox plastic and commercially pure titanium. The latter were surface-treated using several different methods: conventional anodisation, plasma spraying of HA and anodic plasma-chemical (APC) treatment in an electrolyte solution containing either calcium and phosphate (APCCaP) or phosphoric acid (APC-P). Both osteoblasts and fibroblasts showed extensive cell spreading, total cell area and greatest amount of adhesion, with defined adhesion patterns on the Thermanox plastic, anodised titanium, and the two APC-CaP substrates. With fibroblasts, almost no cell spreading and very low adhesion, was observed in cells cultured on the APC-P and HA surfaces. The extent of cell spreading correlated with the area of focal adhesions as assessed by the amount of vinculin labelling. The Thermanox plastic, anodised titanium, and the two APCCaP substrates were the most cytocompatible substrates with regard to this in vitro evaluation.
Introduction
The control and consequences of cell adhesion are fundamental factors in many processes such as embryonic development, the immune response, maintenance of tissue and wound healing. They are especially important in the context of implants and are considered to be determining influences in their success or failure (Albrektsson et al., 1981) .
Fibrous encapsulation is known to occur to implants made of steel, usually with the presence of a liquid filled void between the tissue and implant (Woodward and Salthouse, 1986) and is thought to be due to the cells not adhering adequately to the surface (Richards, 1996) , resulting in a destabilisation of the implant, an inhibition of tissue regeneration and repair as well as increasing the chances of infection (Albrektsson et al., 1981; Gristina, 1987; Brunette and Chehroudi, 1999) . This invariably leads to the rejection and failure of the implant. Studying the attachment and adhesion of cells to implant surfaces will enable an assessment of the relative cytocompatibility of the material being used and by selecting materials that show increased cytocompatibility more favourable biocompatibility reactions may be obtained in vivo.
The mechanism by which hard tissue becomes integrated with an internal implant is complex and involves several stages. One possible scenario follows: Cells will migrate to and attach to an implant within 3 days of implantation (Schwartz and Boyan, 1994) . In vivo, the cells encountering the implant are of an undifferentiated mesenchymal origin cell type (Schwartz and Boyan, 1994) . Modification of the substrate surface is initiated once the attached cells begin to secrete their own matrix (Schwartz et al., 1999) and the cells should start to differentiate into osteoblasts after 3-6 days (Schwartz and Boyan, 1994) . Matrix calcification occurs between 6-14 days and bone remodelling after 21 days (Schwartz and Boyan, 1994) . These cellular events occur at an accelerated rate in vitro. Cells settle on the surface of a culture dish or an introduced material within minutes (Curtis, 1964) and strong adhesions are seen within 24 hours (Van Kooten and Von Recum, 1999) , though may occur within minutes. Cell attachment and adhesion play an important role in how cells react to the material they are attached to. Many anchorage dependant cells, such as fibroblasts and osteoblasts, require adhesion formation for survival. It appears to be the initial attachment of cells that regulates their subsequent behaviour and in vitro studies allow a closer examination of events at the cellular level, using a variety cell types. There are two main types of cell adhesion, adhesion to neighbouring cells and adhesion to an extracellular ma-trix (ECM) or to proteins absorbed onto a substrate. Cell adhesion is mediated by several different types of transmembrane receptor proteins connected to the cytoskeleton of the cell. One of the primary mechanisms of cell adhesion to a substrate, investigated in this study, was focal contacts (Curtis, 1964) , also known as focal adhesions or adhesion plaques (Burridge and Fath, 1989) , attached to either adsorbed proteins or the ECM. Focal adhesions are discrete regions in the cell membrane, intimately associated with the substrate, approximately 0.1-2µm wide and 2-10µm in length (Heath and Dunn, 1978) . The distance separating the membrane and the substrate in the region of the focal adhesions approaches 10-15nm (Curtis, 1964; Cornell, 1969) .
Focal adhesions consist of a complex of different molecules linking the cytoskeleton to the external environment, allowing the cell to adapt to the surface, as required. The transmembrane component of focal adhesions are the α and β subunits of integrin receptors. The intracellular components of the focal adhesion complex, including talin, α-actinin, vinculin and paxillin (Burridge et al., 1988) as well as focal adhesion kinase, a signal transduction molecule (Okumura et al., 2001) , link the integrin receptors to the actin cytoskeleton of the cell. This results in a directed positioning of the filaments responsible for the contractile mechanisms of the cell (Geiger et al., 1980) and as such affects the cytoskeleton, cell shape and the behaviour of cells (ap Gwynn, 1994) . The cell morphology can thus reflect the degree of adhesion of the cell onto the substrate and can be used as a parameter for measurement.
Cell morphology and adhesion were both investigated in this study to assess the relative biocompatibility of different substrates in an in vitro environment. The behaviour of both fibroblasts and osteoblasts was studied. Fibroblasts are the predominant cells found in loose connective tissue and are important in wound repair mechanisms: fibrous encapsulation is caused by the fibroblast type cells adhering to their neighbours rather than the substrate (Brunette and Chehroudi, 1999) . Fibroblasts play a role in producing many of the components essential to connective tissue, for example extracellular components such as glycosaminoglycans and, in fibrous tissue, collagen (Rae, 1981) . Promoting the attachment of fibroblast cells would aid in integrating soft connective tissue to the implant, improving vascularity at the implant surface and decreasing the chance of fibrous encapsulation and bacterial infection (Richards, 1996) .
Osteoblasts are important cells in the osseointegration of bone to the implant. Osteoblasts are derived from undifferentiated mesenchymal stem cells (Davies, 1996) . They have the ability to synthesize and produce extracellular matrix and to control its mineralisation (Brunette and Chehroudi, 1999) and thus regulate the ingrowth of bone to the implant. Osteoblasts are key cells with regard to implant performance and assessing their behaviour on a potential biomaterial may give insight into its likely biocompatibility.
The morphology of the cells assessed in terms of the degree of cell spreading, as well as an estimation of the cells areas were used as a means of comparing the effects of the different surfaces. Adhesion was also assessed in fibroblasts using an immunolabelling technique (Richards et al., 2001; Owen et al., 2001) to localise the position of vinculin, an integral focal adhesion protein. Vinculin was originally employed to investigate focal adhesions using fluorescence microscopy techniques (Hunter et al., 1995; Richards et al., 1995a) , silver enhanced immunogold labelling for light microscopy (Richards et al, 1995a) and silver enhanced immunogold labelling for electron microscopy (Richards et al., 1997 (Richards et al., , 2001 . Vinculin is an ubiquitous, cytoplasmic protein, with a molecular weight of 130kD (Geiger et al., 1984) found in many different cell types (Geiger, 1999) . Vinculin was ideal for this type of study due to its presence at the time of fixation, 24 hours after seeding. Vinculin appears within 3 hours of cell attachment (Könönen et al., 1992) . Internal reflection microscopy has been performed to confirm that adhesion sites imaged by scanning electron microscopy (SEM) are focal adhesions and that both they and the vinculin are able to withstand the necessary immunolabelling, fixation and embedding procedures for visualisation using SEM (Richards et al., 2001) . The aim of this investigation was to localise vinculin using immunogold-labelling techniques and to assess the adhesion of osteoblasts and fibroblasts to Thermanox, Ti, hydroxyapatite (HA) coated Ti or anodic plasma-chemically (APC) treated Ti. The adhesion and morphology of cells was then used as an indication of the relative cytocompatibility of the different substrates in vitro and used to postulate on their possible biocompatibility in an in vivo situation.
Materials and Methods
Substrate and surface preparation 13mm discs for the cell culture tests were prepared with the following materials: Pre-sterilised polyethylene terephthalate (Thermanox; Nunc Inc., Naperville, IL, USA) and commercially pure titanium (CpTi) (ISO 5832/2) surface-treated according to one the following processes. All CpTi samples were first cleaned in an etching mixture of nitric and hydrofluoric acid. Full details of the APC surface modification technique and sample preparation techniques have been published elsewhere (Frauchiger, 2002) . The discs were sterilised by gamma-irradiation sterilisation, which is used as the standard for SYNTHES ® (Chur, Switzerland) metal orthopaedic implants.
Cell culture techniques
Balb/c 3T3 fibroblasts and rat calvarial primary osteoblasts were maintained according to the method of Elvin and Evans (1982) . Stock cultures were recovered from liquid nitrogen and plated at 300,000 cells per 25cm 2 plastic flask in Dulbecco's modified Eagle's medium (DMEM) with 10% foetal calf serum, without antibiotics. After 3 days, for fibroblasts, or 6 days for osteoblasts, cells were detached as follows. Fibroblasts were detached with 0.25% trypsin and 0.02% ethylenediamine tetra-acetic acid (EDTA), disodium salt -calcium and magnesium free, in tyrode buffered saline solution (TBSS). Osteoblasts were detached using TBSS containing trypsin at 0.5mg/ml and collagenase Type 2 at 1.03mg/ml. Both fibroblasts and osteoblasts were recovered, rinsed and cultured on the 13 mm discs produced in the different materials and surfaces as described in the preceding paragraph. Cells were seeded at an inoculum of 20,000 cells per well for 24 hours, during which time the cells did not become confluent Fixation for morphology studies All chemicals were purchased from Fluka Chemie AG (Buchs, Switzerland) unless otherwise stated. All procedures were carried out at 22-25°C. The buffer used was Piperazine-N'N'-bis-2-ethane sulphonic acid (PIPES) at a concentration of 0.1 mol 1 -1 , pH 7.4 unless otherwise stated. The cells were initially rinsed for 2 minutes in PIPES buffer before being fixed in 2.5% glutaraldehyde in PIPES for 5 minutes. The cells were rinsed three times for 2 minutes each rinse in PIPES buffer. The cells were post-fixed with 0.5% osmium tetroxide (Simec Trade AG, Zofingen, Switzerland) in PIPES buffer, pH 6.8, for 60 minutes. The cells were then rinsed three times in ultra-high purity (UHP) water for two minutes each wash.
Immunocytochemistry
The immunolabelling method was based on the method developed by Richards et al (2001) . The cells were initially rinsed three times for 1 minute each wash in PIPES buffer. In order to remove the cell membrane and most of the cytoplasm the cells were then permeabilised in 0.1% Triton X-100 detergent in PIPES for 1 minute. The cells were fixed in 4 % paraformaldehyde in PIPES buffer for 5 minutes and washed three times for 2 minutes each wash in PIPES to remove any unreacted aldehyde. Non-specific binding sites were blocked with 1% bovine serum albumin (BSA British Biocell International (BBI), Cardiff, U.K.) and 0.1% Tween 20 in PIPES buffer for 30 minutes. Cells were then incubated with mouse anti-human vinculin (clone hVin-1 Sigma, St. Louis, MO, U.S.A) 1:300 diluted in PIPES buffer + 1% BSA + 0.1% Tween 20 for 1 hour. All tests were performed with a negative control, i.e. omitting the primary antibody. Cells were rinsed six times for 1 minute each wash in PIPES + 1% BSA + 0.1% Tween 20. Non-specific binding sites were blocked with 5 % goat serum + 1% BSA + 0.1% Tween 20 in PIPES buffer for 30 minutes. The cells were labelled with goat anti-mouse 5nm gold conjugate (Auroprobe-Amersham Pharmacia (AP) Biotech, Bucks, England) diluted 1:200 in PIPES buffer + 1% BSA + 0.1% Tween 20 for 2 hours. Samples were then washed three times in PIPES buffer for 2 minutes each wash and then fixed in 1% glutaraldehyde in PIPES for 5 minutes and rinsed three times for 2 minutes each wash in PIPES buffer. The cells were further rinsed three times for 2 minutes each wash in UHP water to ensure removal of unreacted aldehyde. The gold labels were gold enhanced (Nanoprobes Incorporated, Yaphank, NY, USA.) for 7 minutes (Owen et al., 2001) . The samples were immediately rinsed twice, to stop the gold-enhancement reaction, and washed four times for 2 minutes each wash in UHP water. Cells were post-fixed with 1 % osmium tetroxide in PIPES buffer, pH 6.8 for 1 hour. Cells were washed three times for 2 minutes each wash in PIPES buffer, pH 6.8.
Dehydration and critical point drying.
The samples prepared for the morphological study and half the samples for the immunocytochemical study, were taken through an acetone series -50%, 60%, 70%, 80%, 90%, 96% and 100% respectively for 5 minutes in each concentration, followed by three 5 minute changes of 100% acetone. Samples were critical point dried (CPD) with a Polaron E3000 or E3001 (Agar Scientific, Stansted, UK) critical point drier.
Dehydration and embedding
The remainder of the samples from the immunocytochemical study were also dehydrated using an acetone series followed by 24 hours in LR White resin (London Resin Co., London, UK), (medium hardness), to allow complete infiltration of the cells. The samples were placed in fresh resin in a silicon mould, at the bottom of 15mm wells with the cells facing upward, with a drop of paraffin oil placed on top to exclude oxygen. The resin was cured thermally at 65ºC for 16 hours.
Transfer and coating
The hardened resin blocks were removed from the silicon mould and abrasive paper used to remove excess resin from around the edge of the sample. The Thermanox discs were separated from the resin using a sharp blade to ease them off. The metal discs were removed by rapid cooling on a copper block that had been kept in nitrogen slush at -210ºC under vacuum (Richards et al, 1995b) . The CPD specimens and the resin blocks containing the cells were mounted onto aluminium stubs. Samples prepared for the morphological study were coated with 10nm of either gold/palladium (80/20) or chromium (osteoblasts and fibroblasts respectively). Both the CPD and resin samples prepared using the immunocytochemical method were coated with 10nm-15nm of carbon, respectively, by evaporation of carbon rods. All coatings were produced using a Baltec MED 020 unit (Baltec, Balzers, Leichtenstein).
Microscope operating conditions
Specimens were examined using a Hitachi s-4700 field emission SEM fitted with an Autrata yttrium aluminium garnet (YAG) backscattered electron (BSE) detector. The microscope was operated in HC (high current)-BSE detection mode as described by Richards and ap Gwynn (1995) . The cells were either viewed from above, for the CPD samples, at 5kV accelerating voltage, or directly on the undersurface of the cells within the resin embedded samples, at 8kV accelerating voltage.
Quantitative analysis of the images
Image analysis was conducted for cells prepared for morphological study and for the immunolabelled cells embedded in resin, using PC-Image 2.2.03 image analysis software (Foster Findlay Associates, Newcastle, UK). The software was calibrated to measure actual dimensions. Cell areas of 30 cells on each substrate were measured for the morphological study. The area occupied by the gold label was measured in 20 different cells, embedded in resin, for each of the substrates tested. The measurements were assessed statistically using one-way analysis of variance (ANOVA) test followed by Tukeys post hoc test.
Results

Cell morphology
The cells tested showed distinct differences in their reactions to each of the different substrates tested. On the two APC-CaP surfaces both the osteoblasts and fibroblasts were well spread with the edges of the cells becoming very thin. No difference in cell morphology was observed between the two surfaces. All the cells observed were closely associated with the substrate. The same observations were made for both osteoblast and fibroblast cells on the Thermanox plastic and the anodised titanium surface (Fig. 2c-f) ; however, the spreading of those cells was not as extensive as that of cells on the APC-CaP surfaces. Different morphologies were observed in cells cultured on the APC-P (Fig. 1e-h ) and HA surfaces (Fig. 2a-b) . Very little spreading in both types of cell was observed and no differences perceived between cells on the two different APC-P substrates (Fig. 1e-h ). The fibroblasts assumed a rounded morphology with numerous filopodia as well as blebs and folds in their surface membranes. Osteoblasts appeared more elongated with only slight areas of spreading at the end of long lamellipodia. Both types of cell were not closely associated with the surface of either the APC-P or the HA with most of the cell body raised above the surface. The cells on the HA surface often spanned grooves and troughs in the surface.
Although different morphologies were observed, the reactions of both the fibroblasts and osteoblasts appeared to be similar for each of the different substrates. The quantitative results confirmed this, as described in the next section.
Quantitative cell morphology
The measurement of the fibroblast and osteoblast areas on the different substrates confirmed the qualitative observations (Fig. 3) . Cells on the APC-CaP, anodised titanium and Thermanox plastic had the greatest (P<0.05) areas of spread for both the fibroblast and osteoblast cell types (although, with the fibroblast cells, adhesion to the titanium surfaces was not significantly different from that to one of the APC-P surfaces). The APC-P and HA surfaces had the smallest cell areas (P<0.05) for both cell types. Cells on the two APC-CaP surfaces had very similar cell areas, qualified by the statistics, as did the cells cultured on the two APC-P surfaces, confirming the qualitative observations made.
Immunolabelling of adhesion sites
Only fibroblast adhesion was examined in this part of the study. The background labelling on the negative controls, with the omission of the primary antibody, was always low (not shown). The location of the label in the cells and the patterns created correlated with the results observed in the morphology study. The gold label, attached to regions of cell adhesion, was much harder to locate in cells imaged from above, than when imaged from beneath, once the cells were embedded in resin. Images from both above and beneath were studied for all samples, with the exception of the cells cultured on the HA, as the substrate could not be removed from the resin in this case, always breaking within the HA coating. Both types of APC-CaP surface (Figs. 4-7) showed a similar pattern of adhesion, with the gold label being located in groups mainly around the periphery of the cells and along stress fibres throughout the cells. Both the cells on the surface and the cells embedded in the resin, which provided a good replica of the substrate surface, showed that the groupings of label were often located on or around the rough 'volcano-like' structures on the substrate surface. The location and patterning of the gold label in cells on the APC-CaP surfaces was very similar to that observed in cells cultured on the anodised titanium and Thermanox plastic surfaces (Figs. 12-15) . In the latter two surfaces the label was again located in groups around the periphery of the cell and along the stress fibres. In the cells on the anodised titanium surface (Figs. 12 and 13), the label was located over the slightly rougher areas in the substrate.
Cells on the APC-P treated surfaces showed no difference in adhesion patterns between the two substrates and also showed very similar patterns to those observed in the cells cultured on the HA surface (Fig. 11) . The adhesions shown by the cells on the APC-P and HA surfaces were 'dot' adhesions with the labels spread randomly throughout the cells with very few groups observed. Occasionally, a few labels were located along stress fibres, 
Quantitative immunolabelling
Measurement of cell adhesion area confirmed the qualitative observations (Fig. 16) . Cells on the APC-CaP, anodised titanium and Thermanox plastic surfaces had significantly greater (P<0.05) areas of cell adhesion when compared to the APC-P surfaces. Due to problems in removing the HA substrate from the resin no quantitative results were obtained for adhesion to the HA surface.
The amount of cell spreading correlated with the area of focal adhesions, as assessed by vinculin labelling. The more spread cells producing larger and more organised areas of adhesion. The results showed that the APC-CaP, The cell areas on the hydroxyapatite (HA) and the APC-P surfaces (PA 25 and PA75) were significantly smaller (P<0.05) than all the other surfaces, except that PA25 was not significantly different from titanium (Ti). The areas on titanium (Ti) and Thermanox plastic (Th) were significantly larger (P<0.05) than on the hydroxyapatite and one APC-P surface (PA75) and significantly smaller (P<0.05) than on both of the APC-CaP surfaces.
anodised titanium and Thermanox plastic substrates produced a greater amount of spreading and adhesion in osteoblasts and fibroblasts, in vitro, than the APC-P and HA samples tested.
Discussion
For non-transformed cells, the shape of cells is tightly coupled to DNA synthesis (Folkman and Moscona, 1978) . The amount of 3H-thymidine taken up is inversely proportional to the height of the cell. DNA synthesis is shown to be the same for cells on a non-adhesive surface (cells are rounded) and cells in a very confluent culture (thus growth inhibited), once they have reached the same height as the rounded cells. In the present study, changes in cell adhesion in response to different substrates was linked intimately with modifications to cell morphology. Consequently, it is reasonable to expect that substrate properties would affect proliferation and differentiation of cells. These results agreed with other studies. Rodriguez Fernández et al. (1993) show that cells with very small adhesion plaques and low vinculin levels are poorly spread and have a rounded morphology. Hunter et al. (1995) show that rounded cells have lower proliferation rates. Thus the substrates showing the greatest spreading and adhesion would appear to promote proliferation and colonisation of the surface.
Both the quantitative and qualitative assessments of cell morphology showed that osteoblasts and fibroblasts reacted in a similar manner to the different surfaces tested. For both cell types the surfaces with the high density of fine roughness discontinuities, namely the APC-P and HA surfaces, showed the least spreading and adhesion. The greatest amount of spreading in both cell types was observed on the APC-CaP, anodised titanium and Thermanox plastic, respectively for fibroblasts but with no discernable difference for osteoblasts. Increased spreading on smoother surfaces is observed in a number of different studies. Könönen et al. (1992) show, using fibroblasts, that greater cell spreading occurs on smooth electropolished titanium, than on the rougher etched or sandblasted titanium surfaces. Oakley and Brunette (1993) also show that fibroblast cells exhibit larger cell areas on smooth surfaces when compared to surfaces with grooves.
Osteoblast morphologies correlated with those shown The labels do not cluster in patterns but are diffuse, located throughout the cell. A few of the labels appear to be located along stress fibres (arrows). It is very difficult to see the label at the lower magnifications and it can only just be identified as the magnification is increased. after the immunolabelling procedure. Since the cells are mainly rounded on the substrate, the whole cell could be imaged at a magnification that allowed the labels to be clearly seen. There is a lack of any adhesion pattern and only pinpoint adhesions observed. The nucleus (N) is further away from the substrate compared to cells on other surfaces, due to the rounded morphology of the cells. The label is more apparent at the lower magnifications than when visualised above on the metal surface. The label is located at the periphery of the cell in adhesion patterns (arrows) and also along stress fibres (arrowheads). 
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by the fibroblasts, with greatest spreading observed on the smoother APC-CaP, anodised titanium and Thermanox plastic. Other reports show that attachment and proliferation of osteoblasts is greatest on the rougher surfaces with more irregular topographies (Schwartz et al., 1999; Degasne et al., 1999) . However, there are also correlating studies, Okumura et al. (2001) shows, using osteoblasts, that after 48 hours there is a greater amount of spreading on titanium when compared to HA. Mustafa et al. (2000) shows that there is more spreading and attachment of osteoblasts on the smoothest and coarsest titanium samples, the coarsest titanium having large smooth areas (unfortunately the size of these areas is not disclosed). Other correlating studies also show that spreading and proliferation is greater for osteoblasts on smooth polished surfaces (Bagambisa et al., 1994) and that this coincides with an increase in alkaline phosphatase activity (Anselme, 2000) . The discrepancies in the literature are apparent and probably related to the methods of assessment as well as the maturity of the cells used . However, most of the studies described show similar cell morphologies to those observed in this study. Both the quantitative and qualitative assessments of fibroblast adhesion on the different substrates correlated with the results from the morphological study. Strong cell adhesion was seen on the APC-CaP, anodised titanium and Thermanox plastic substrates. Quantitatively, the fibroblasts on these substrates showed a greater area of adhesion than the cells on the APC-P surfaces (it was not possible quantitatively to assess adhesion on the HA surface). Not only was the area of adhesion different but also the pattern of adhesion was variable. The cells on the APC-P and HA surfaces showed only 'dot' adhesions, with a few small clusters of label. Occasionally, gold labels were seen attached along a stress fibre.
There are two types of focal adhesions (Bershadsky et al., 1985) . 'Dot', or small preliminary contacts (0.2-0.5µm), are composed of transmembrane and linker proteins but are not associated with actin stress fibres. These are the predominant type at the active edge of the cell. Elongated large mature contacts, 'dash' contacts (2-10µm by 0.5µm) are also composed of transmembrane and linker proteins but associate with actin stress fibres. They comprise 40-50% of cell contacts and are located centrally in parts of the lamellae, endoplasm and under the nucleus. Formation of 'dot' contacts occurs initially, followed by maturation into 'dash' contacts with associations to actin stress fibres. This would suggest that the APC-P and HA surfaces pre- vented maturation of 'dot' adhesions to 'dash' adhesions within the 24 hour growth period, which would prevent mechano-transduction through the adhesions and stress fibres to the nucleus, since it is known that signals from the integrins are relayed to the nucleus by the bridging proteins and the actin stress fibres (Juliano and Haskill, 1993) . These signals initiate nuclear gene expression that sends the corresponding response signal. Therefore, at least at the 24-hour stage, the APC-P and HA surfaces would not be able to accomplish signal transduction through this process.
In contrast to the APC-P and HA surfaces, the cells on the APC-CaP, anodised titanium and Thermanox plastic surfaces all showed large focal adhesion patterns located mainly around the periphery of the cell. This typical type of patterning is described in cells showing good adhesion (Richards et al., 1997) . Vinculin also appeared to be located along the stress fibres of the cells, in classic fibrillar patterns. A highly organised cytoskeleton with stress fibres is often associated with strong cell adhesion (Badley et al, 1980) . Focal adhesions are known to be located at the termini of stress fibres (Geiger et al, 1980) but vinculin is also localised along the stress fibres of osteoblasts in well spread cells (Puleo and Bizios, 1992) . Fibroblasts clearly showed stronger adhesion on the APC-CaP, anodised titanium and Thermanox plastic surfaces when compared with the HA and APC-P surfaces.
The combined adhesion and morphology results suggested that the different test surfaces had critical effects on cells. According to Schwartz and Boyan (1994) there are four factors in the construction of a surface that influence cell reactions. These are composition, surface energy, roughness and topography. These are often interrelated areas and it is difficult to understand which of these, if any, most affect cell attachment. Determining which of these factors were involved was not possible in this study, due to the widely differing characteristics of each surface used. Roughness of the substrate may be an important factor in cell adhesion and spreading, as shown in several different studies. Anselme et al. (2000) show, using osteoblasts, that focal adhesions are less numerous on rough, less organised surfaces than on smoother surfaces. There is also less contact, between the cell and the substrate as the "fractal dimension", a measurement of surface roughness, is increased and results in lower cell adhesion and proliferation rates. Vinculin synthesis, shown to influence the adhesion and spreading of cells, is itself affected by the amount of adhesions the cell has with the surface (Ungar et al., 1996) . These observations appeared to be confirmed by both the morphology and adhesion results, with clear reductions in the amount of attachment, contact and adhesion exhibited by cells cultured on the APC-P and HA surfaces, the surfaces exhibiting greater microroughness with regard to the microtopography, as evaluated under the field emission SEM (FESEM).
The low level of adhesion and spreading, seen in cells grown on the HA surface, were surprising. HA is thought to be biocompatible surface coating that can accelerate properties of bone healing (Chou et al., 1999) . Takebe et al. (2000) show that cells on HA have a flattened spreading morphology with numerous filopodia and that they are intimately associated with the surface, but that cell adhesion is greater on commercially pure titanium at 60 and 120 minutes after introduction. Okumura et al. (2001) also demonstrate that fewer vinculin containing adhesion plaques are present in osteoblasts on HA at 12 and 24 hours, when compared to titanium. The adhesion, as well as morphology, of fibroblasts on HA confirmed these observations. The HA and APC-P surfaces did not appear as if they would support fibroblast cell adhesion in vivo, to the extent that prevention of fibrous capsule formation would occur.
The spreading of osteoblasts on the APC-CaP, anodised titanium and Thermanox plastic suggests that there was greater adhesion on these surfaces than on the APC-P and HA substrates. This might not, however, indicate that better bone integration necessarily would occur on the surfaces that induced the most spreading. Okumura et al. (2001) suggest that the lack of vinculin-containing adhesion sites in the osteoblasts on HA is because they are of a more differentiated phenotype. The differential phenotype theory is also cited in other studies (Schwartz and Boyan, 1994; Takebe et al., 2000) . The results from this study, however, indicated that this might not have been the case.
Anodised titanium is known to be a good surface for both in vivo (Krause et al., 2000) and in vitro (Vinall et al., 1995) cell adhesion of soft and hard tissue types, with good integration of both bone and connective tissue. Due to the similar reactions of both the fibroblasts and osteoblasts on anodised titanium and the APC-CaP surfaces, it is possible that similar surfaces would also aid integration of implants and bone tissue in vivo. The osteoblast and fibroblast morphologies of cells cultured on the APC-P and HA surfaces were vastly different from that of cells grown on titanium and as such would not support such integration. In vivo investigations, using the same surfaces as those applied in this study, have been undertaken to define the cellular response to the test surfaces and are currently under analysis.
In vitro conditions do not replicate in vivo situations, due to the large number of factors that would have to be taken into consideration. It is, however, possible to determine the basic cell reactions for a single cell type in serum in vitro. While this would not represent fully the cell reactions in vivo it could give some idea of how different cell types might respond. As a part of a cytocompatibility repertoire of tests, these methods could be used to reduce the number of surfaces tested for biocompatibility with in vivo studies.
imaging using 'electron energy sectioning' (Richards and ap Gwynn, 1995) at low energy only the focal adhesion vinculin is imaged. Future development of this technique (currently under investigation) will be to use confluent cell layers, rather than individual cells that will considerably reduce the amount of manual work required in imaging and image analysis, which should open the technique to all.
